Chikungunya virus (CHIKV) is a mosquito-borne arthralgia arbovirus that is reemergent in sub-Saharan Africa and Southeast Asia. CHIKV infection has been shown to be self-limiting, but the molecular mechanisms of the innate immune response that control CHIKV replication remain undefined. Here, longitudinal transcriptional analyses of PBMCs from a cohort of CHIKV-infected patients revealed that type I IFNs controlled CHIKV infection via RSAD2 (which encodes viperin), an enigmatic multifunctional IFN-stimulated gene (ISG). Viperin was highly induced in monocytes, the major target cell of CHIKV in blood. Anti-CHIKV functions of viperin were dependent on its localization in the ER, and the N-terminal amphipathic α-helical domain was crucial for its antiviral activity in controlling CHIKV replication. Furthermore, mice lacking Rsad2 had higher viremia and severe joint inflammation compared with wild-type mice. Our data demonstrate that viperin is a critical antiviral host protein that controls CHIKV infection and provide a preclinical basis for the design of effective control strategies against CHIKV and other reemerging arthrogenic alphaviruses.
Introduction
Pattern recognition receptors (PRRs) essential for the detection of specific motifs in pathogens are called pathogen-associated molecular patterns (PAMPs) (1) . Upon induction after pathogen invasion, PRRs elicit a cascade of signaling pathways that ultimately converge to produce type I IFNs, namely IFN-α and IFN-β, that coordinate defenses against viruses and other pathogens during infection (1, 2) . Following the activation of an antiviral state, type I IFNs bind to IFN-α/IFN-β receptors to activate another essential signaling component, the JAK/STAT pathway (3, 4) , for the regulation of a positive feedback loop that amplifies type I IFN production (5) . In parallel, activation of type I IFN-mediated signaling pathways result in the induction of numerous IFN-stimulated genes (ISGs) that inhibit viral replication and mediate clearance of viruses from the host (6) .
Although type I IFNs are fundamental to the innate immune response, how specific ISGs are regulated by type I IFNs following activation of PRRs to combat different pathogens remains to be fully elucidated, especially for several clinically important reemerging viral diseases, such as chikungunya fever (CHIKF). This disease is caused by chikungunya virus (CHIKV), an alphavirus that has reemerged after a quiescent period of almost 50 years (7, 8) since the first reported outbreak in Tanzania in 1952 (9, 10) . Unexpectedly, major outbreaks have been reported globally since late 2005, with millions of CHIKF cases (11) (12) (13) .
Individuals infected with CHIKV normally exhibit a sudden onset of high fever together with symptoms including myalgia, rashes, headaches, and incapacitating arthralgia during the acute phase (14, 15) . Symptoms are generally resolved within 7-10 days, indicative of innate immune response involvement (7, 12) . However, some patients are plagued with chronic arthralgia that could persist for months or years (8, 16) . Currently, there are no effective anti-CHIKV therapies or commercial CHIKV vaccines available.
CHIKV was reported to be a potent inducer of type I IFNs during infection as early as the 1960s (17) . However, despite the induction of an active type I IFN response in patients during the acute phase of the disease (18, 19) , the mechanisms involved remain unknown. Although recent studies have shed light on the interplay between type I IFNs and CHIKV during infection (20) (21) (22) (23) (24) , how CHIKV replication is controlled by ISGs induced by type I IFNs remains to be elucidated (25, 26) . RSAD2 (encoding virus-inhibitory protein, endoplasmic reticulum-associated, interferon-inducible [viperin] ; also known as cig5) was first reported as an antiviral gene induced by human cytomegalovirus and IFNs (27) . More recently, viperin has been shown to be an important player in the innate immune response against clinically important viruses, including influenza virus, West Nile virus, dengue virus, and HCV, as part of the innate immune response (28) (29) (30) (31) . Recent studies have shown that viperin is induced during CHIKV infection (32) and that its expression inhibits CHIKV infection in vitro (26) . However, the mechanisms involved are unknown.
Here, we demonstrated the antiviral role of viperin in CHIKV infection by studying the longitudinal transcriptional profiles of the innate immune response in PBMCs from a cohort of 24 CHIKV-infected patients (18) . An active type I IFN response was characterized by induction of IFNA and IFNB and correlated to induction of IRF3 and IRF7, both crucial regulators of type I IFNs (33) . Positive correlations were also observed between viperin and type I IFNs during the acute phase of infection, when levels of viremia were shown to directly influence the expression of these genes. Viperin was highly induced in monocytes, the major PBMC subset targeted by CHIKV in the blood. Further characterization studies revealed that overexpression of viperin significantly suppressed CHIKV infection and replication. Intriguingly, the N-terminal ER targeting domain of viperin was shown to be critical for suppressing CHIKV replication. Furthermore, the absence of viperin expression in Rsad2 -/-mice resulted in higher viremia and more pronounced joint inflammation, providing the first direct evidence of viperin inhibition in vivo on CHIKV replication and pathology.
Results

Transcriptional profiles of CHIKV-induced innate response in humans.
The role of type I IFNs in the innate response against CHIKV infection has been demonstrated in vitro in various cell types and animal models (20, 21, 24, 34, 35) . To further understand their functions in patients, we analyzed the transcriptional profiles of type I IFNs and their associated genes in PBMCs collected longitudinally from 24 CHIKV-infected patients. Expression of IFNA, IFNB, and IRF7, a key transcriptional regulator of type I IFN production, were significantly induced in all patients compared with healthy controls ( Figure 1 and Supplemental Figure 1 ; supplemental material
Figure 1
Expression profiles of type I IFNs and related ISGs in CHIKV-infected patients. (A) Expression profiles of type I IFNs and related ISGs in PBMCs of CHIKV-infected patients (n = 24) at various time points of the disease were analyzed by qRT-PCR. Data were normalized to GAPDH and presented as expression relative to the mean of healthy controls (n = 10). Data are presented by 2-way hierarchical clustering after dividing the patient cohort according to viral load levels into HVL (n = 11) and LVL (n = 13) groups. Each colored well in the 4 heatmaps represents the relative levels of expression of a particular gene (green, low expression; red, high expression). The different phases of the disease are defined as acute phase (median 4 days post illness onset), early convalescent phase (median 10 days post illness onset), late convalescent phase (4-6 weeks post illness onset) and chronic phase (2-3 months post illness onset). (B) Viral load influenced induction of the innate immune response. The relative expression of the indicated genes was compared between HVL and LVL groups during the acute phase of disease at median 4 days post illness onset. Data are mean ± SEM. **P < 0.01, ***P < 0.001, Mann-Whitney U test.
available online with this article; doi:10.1172/JCI63120DS1). The primers used to detect IFNA expression were against a conserved region of all IFNA subtypes (36) . Conversely, expression of IRF3, another key regulator of type I IFN expression (33) , remained relatively constant ( Figure 1B and Supplemental Figure 1 ). More importantly, we found -for the first time to our knowledge in patients -that after the induction of type I IFN response, numerous genes with known antiviral activities were induced during the acute phase of infection, at median 4 days post illness onset (Figure 1 and Supplemental Figure 1 ). RIG-I and MDA5, which encode for proteins that act as PRRs and detect viruses to modulate signaling pathways in innate immune response, as well as IPS-1, an adaptor molecule involved in RIG-I-and MDA5-mediated signaling (2), were all significantly induced. Furthermore, CHIKV infection also induced ISGs known to inhibit viral protein translation and replication or to induce apoptosis (6, 35, 37, 38) , such as ISG15, ISG54, ISG56, and dsRNA-dependent protein kinase (PKR) (Figure 1 and Supplemental Figure 1) .
Interestingly, RSAD2, an ISG with a broad spectrum of antiviral functions (28) (29) (30) (31) (39) (40) (41) , was also significantly induced during CHIKV infection ( Figure 1A and Supplemental Figure 1 ). Expression of IFNA, IFNB, IRF7, RSAD2, ISG15, ISG54, ISG56, RIG-I, MDA5, and PKR generally peaked during the acute phase of the disease and was sustained to the early convalescent phase (median
Figure 2
Viperin is induced mainly in monocytes during human whole blood infection. (A) Whole blood was collected from healthy donors, and the total leukocyte count was determined before performing infection with HI CHIKV (control) or CHIKV (MOI 10) for 12 hours. Total PBMCs were purified, and a fraction was used for flow cytometry analysis to determine percent CHIKV Ag + cells in the indicated PBMC subsets (see Supplemental Figure 3 ). Data are mean ± SD for each subset (n = 3). Horizontal dotted line represents the mean in HI CHIKV-infected controls. (B) Detection of CHIKV viral load in nonsorted and sorted PBMCs. Total RNA was extracted from each indicated cell population, and the amount of CHIKV viral load was determined by qRT-PCR using specific primers against the negative-strand nsP1 RNA. Data are mean ± SD (n = 3). Horizontal dotted line represents the mean in HI CHIKV-infected controls. (C) qRT-PCR was used to determine the expression profiles of type I IFNs and related ISGs in the sorted PBMC subsets as well as the nonsorted PBMC fractions. Data obtained were normalized to GAPDH and presented as expression relative to each cell population from controls infected with HI CHIKV. Data are mean ± SD (n = 3). *P < 0.05, 1-way ANOVA with Tukey's post-test.
10 days after illness onset), before declining in the late convalescent (4-6 weeks) and chronic (2-3 months) phases ( Figure 1A and Supplemental Figure 1 ). More importantly, positive correlations were observed between type I IFNs and IRF7, IRF3, RSAD2, ISG15, ISG54, ISG56, PKR, and RIG-I during the acute phase (Supplemental Figure 3 ), which suggests that these factors are induced as part of the innate immune response against CHIKV infection.
By segregating the cohort into high-and low-viral load (HVL and LVL, respectively) groups during the acute phase (18), we observed a distinct profile in the expression levels in individuals of the HVL group ( Figure 1A) . Notably, the induction of type I IFN responses and expression of their associated ISGs were significantly influenced by the amount of CHIKV present ( Figure  1B) . Taken together, these data indicate that viperin is induced as part of the type I IFN-mediated response during CHIKV infection and that its expression is driven by viral load levels.
Viperin is highly induced in monocytes during CHIKV infection. To characterize the type I IFN-mediated antiviral response in various PBMC subsets, we next performed in vitro infections using human whole blood at MOI 10. Heat-inactivated (HI) CHIKV was used as a control. Total PBMCs were isolated; CD14 + monocytes, CD19 + B cells, CD3 + T cells, and CD56 + NK cells were sorted by flow cytometry (Supplemental Figure 3 , A and B); and their transcriptional profiles were analyzed. Consistent with our earlier findings (22) , CD14 + monocytes were the major subsets targeted by CHIKV, followed by CD19 + B cells (Supplemental Figure 3C and Figure 2A ). Control HI CHIKV did not infect and replicate in any subsets (Supplemental Figure 3C ). Next, viral load and gene expression analyses were performed using total RNA extracted from both nonsorted and sorted PBMC subsets. Similar to the flow cytometry results, the level of negative-strand nsP1 RNA (an indicator of active viral replication) was detected mainly in monocytes and B cells, but not in T cells or NK cells ( Figure 2B ). These results clearly indicated that CHIKV infects and replicates actively in monocytes and B cells. Interestingly, expression profiles of the various sorted PBMC subsets revealed that expression of IFNA was induced mainly in monocytes, whereas expression of IFNB was induced in monocytes and B cells ( Figure  2C ). Interestingly, RSAD2 was induced mainly in monocytes, whereas expression of IRF7, IRF3, RIG-I, MDA5, IPS-1, and PKR was similar among the various subsets. Comparable Ct values were observed for the various genes tested in the different PBMC subset-sorted samples infected with either CHIKV or HI CHIKV, which indicates that induction of viperin in monocytes is specific to CHIKV infection and not caused by a difference in basal expression levels. 
Viperin inhibits CHIKV infection in vitro.
To determine whether viperin plays a role in controlling CHIKV infection, we use HEK 293T cells, a cell line highly susceptible to CHIKV, as a model for characterization. Using a MOI of 10, the kinetics of CHIKV infection in HEK 293T cells peaked at 12 hours post infection (hpi), with about 80% of cells detected as positive for CHIKV antigens (CHIKV Ag + ), and reached a plateau at 24 hpi (Supplemental Figure 4A ). Using 12 hpi as a reference for the peak of infection, we also demonstrated a MOI-dependent effect of CHIKV infectivity in HEK 293T cells (Supplemental Figure 4B) . Next, HEK 293T cells were transiently transfected with a plasmid expressing viperin for 24 hours before being infected with CHIKV at MOI of 1, 2.5, and 5. We observed that overexpression of viperin in HEK 293T cells caused significant inhibition of CHIKV infection at MOI 1 and 2.5 compared with cells transfected with control vector (Supplemental Figure 4C) . Furthermore, viral load analysis by negative-strand nsP1 RNA quantification clearly showed that viperin expression significantly suppressed CHIKV replication compared with cells transfected with control vector (Supplemental Figure 4D) . Overexpression of viperin was also confirmed by Western blot (Supplemental Figure 4E) .
Viperin is composed of 3 distinct domains with different functions (42) . It contains an amphipathic α-helix domain at its N-terminus, followed by a conserved central domain with 3 cysteine residues arranged in a CxxxCxxC motif and a conserved C-terminal domain between species ( Figure 3A) . The amphipathic α-helix domain mediates targeting of viperin to the cytosolic side of ER and lipid droplets (43, 44) The central domain is homologous to the MoaA motif present in the family of radical S-adenosylmethionine (SAM) enzymes, which uses SAM as a cofactor to bind to proteins containing iron-sulfur clusters via the CxxxCxxC motif (45, 46) . Herein, we refer to the central domain as the radical SAM catalytic domain, and it has been demonstrated to inhibit virus replication (29, 47) . Even though the function of the C-terminal domain is poorly defined, it has been reported to play a role in inhibiting HCV replication (28) .
To identify the functional domain of viperin required for inhibiting CHIKV replication, we next transfected a series of viperin mutant constructs ( Figure 3A) into HEK 293T cells and analyzed for virus infectivity. Flow cytometry analysis showed that antiviral properties of viperin against CHIKV was significantly abolished upon deletion of the N-terminal amphipathic α-helix domain (i.e., aa 43-361 of viperin), whereas mutations to the radical SAM domain (C 83 A/C 87 A/C 90 A) did not significantly affect virus infectivity compared with cells expressing WT viperin (Figure 3 , B and C). Consistent with these findings, viral load analysis revealed that expression of either the N-terminal amphipathic α-helix domain deletion mutant or the SAM mutant did not inhibit CHIKV replication compared with cells expressing WT viperin ( Figure 3D ). These observations were further confirmed at the protein level by Western blot, in which expression of WT viperin was associated with reduced expression of CHIKV nsP2 ( Figure 3E ), an RNA helicase/protease involved in replication.
The N-terminal amphipathic α-helical domain of viperin controls CHIKV replication. The N-terminal amphipathic α-helical domain is required for targeting viperin to the ER and lipid droplets (43, 44) . Therefore, we next sought to determine whether the N-terminal amphipathic α-helix (aa 1-42) domain of viperin is sufficient to suppress CHIKV replication. To verify this, we overexpressed the GFP-tagged N-terminal α-helical domain of viperin as well as another mutant with both the N-terminal amphipathic α-helical and radical SAM domains ( Figure 4A ) in HEK 293T cells to assess their ability to suppress CHIKV infection. Intriguingly, expression of the GFP-N-terminal amphipathic α-helical domain was able to suppress CHIKV infection and replication significantly -to a level comparable to GFP-WT viperin -versus cells expressing GFP alone (Figure 4, B-D) . Moreover, expression of the mutant with both the N-terminal amphipathic α-helical and radical SAM domains (aa 1-220) also inhibited CHIKV replication, similar to cells expressing the GFP-N-terminal amphipathic α-helical domain (Figure 4, B-D) . This indicates that the antiviral function of viperin against CHIKV is not dependent on the enzymatic radical SAM domain, as expression of the GFP-Nterminal α-helical domain reduced CHIKV nsP2 expression to an extent similar to that of cells overexpressing GFP-WT viperin ( Figure 4, E and F) . Furthermore, consistent with these observations, time-lapse movies revealed a difference in the kinetics of CHIKV infection in control cells expressing GFP alone (Supple- CHIKV colocalizes with viperin during infection. To provide insight into how viperin inhibits CHIKV replication, we next investigated the localization of viperin and CHIKV in infected HEK 293T cells. Overexpression of viperin did not affect the cellular distribution of CHIKV during infection, and viperin colocalized with CHIKV around the perinuclear region in infected cells ( Figure 5 ). Moreover, CHIKV nsP2 was observed to localize in the ER region during CHIKV infection (Supplemental Figure 5) , further suggesting the importance of viperin localization in the ER for controlling CHIKV replication.
We showed above that the N-terminal amphipathic α-helical domain, which targets viperin to the ER, was essential for its antiviral function (Figure 4) . Moreover, viperin has previously been reported to redistribute from the ER to Golgi and mitochondria during infection by human cytomegalovirus (27, 47) . Therefore, to assess whether CHIKV infection affects the localization of viperin in the ER, we next transfected HEK 293T cells with either GFP-WT viperin or GFP-N-terminal amphipathic α-helical domain of viperin and examined their colocalization with ER, using anti-calreticulin antibody as an ER marker, during CHIKV infection (Figure 6) . Surprisingly, compared with cells infected with HI CHIKV, CHIKV infection did not disrupt the colocalization of viperin with ER, as both GFP-WT viperin and GFP-N-terminal amphipathic α-helical domain of viperin colocalized distinctly with CHIKV in the ER of infected cells ( Figure 6 ).
Viperin directly controls CHIKV replication in vivo and modulates CHIKVinduced inflammation.
To investigate viperin's role in mounting an immune response against CHIKV infection, the viperin-mediated antiviral response was first measured in primary fibroblasts isolated from Rsad2 -/-mice. Fibroblasts lacking Rsad2 showed significantly increased susceptibility to CHIKV infection and virus replication compared with WT fibroblasts (Figure 7, A and B) . To gain further insights into the mechanism by which viperin induces an antiviral state, the levels of IFN production and ISG expression were analyzed in detail ( Figure 7C ). Essentially, IFN production was not abolished or reduced in Rsad2 -/-fibroblasts, but was significantly higher than in WT fibroblasts ( Figure 7C ). This observation strongly suggests that the susceptibility to CHIKV infection and replication Fundamentally, the importance of viperin in controlling CHIKV replication was confirmed by in vivo CHIKV infection in Rsad2 -/-mice. Viral load analysis in the footpad of WT and Rsad2 -/-mice revealed that loss of Rsad2 expression resulted in a significant increase of CHIKV at 1 day post infection (dpi; Figure 8A ). Comparison of transcriptional profiles in the footpad of WT and Rsad2 -/-mice showed that expression levels of Rsad2 and Ifna were markedly induced in WT mice, whereas expression levels of Irf3, Irf7, Isg15, RIG-I, MDA5, and IPS-1 were not affected ( Figure 8B ). To further
Figure 7
Viperin controls CHIKV infection in mice. (A) Primary tail fibroblasts isolated from WT and Rsad2 -/-mice were infected with CHIKV (MOI 10) or were mock infected (control) for 12 hours. Percent CHIKV Ag + cells was measured by flow cytometry. Data (mean ± SD) are representative of 3 independent experiments. ***P < 0.005, unpaired t test. (B) Viral load was determined by qRT-PCR and presented as mean ± SD (n = 3). ***P < 0.005, unpaired t test. (C) qRT-PCR was used to determine expression of the indicated genes in fibroblasts after infection. Data are fold expression ± SD relative to WT. ***P < 0.005, **P < 0.01, *P < 0.05, unpaired t test. (D) WT and Rsad2 -/-fibroblasts were pretreated with IFN-α or IFN-β (1,000 IU/ml) for 4 hours before infection with CHIKV (MOI 10) for 12 hours. Mock infection was used as control. Percent CHIKV Ag + cells was measured as described in A; data are mean ± SD of percent CHIKV Ag + cells relative to untreated WT (n = 3). ***P < 0.005, unpaired t test. (E) Viral load was quantified as described in B and presented as mean ± SD (n = 3). ***P < 0.005, unpaired t test.
investigate the role of viperin in pathology caused by CHIKV infection, infected WT and Rsad2 -/-animals were monitored daily for survival, viremia, and swelling at the joint. Although the absence of Rsad2 expression did not affect the mortality of the animals, significantly higher viremia levels were observed during the course of disease in Rsad2 -/-versus WT mice ( Figure 8C ). This was a result of a higher rate of virus replication in the joint prior to virus dissemination. As expected, CHIKV-infected Rsad2 -/-mice also exhibited more severe and pronounced swelling in the joint at 2-6 dpi (Figure 8D) . Moreover, histological analysis of infected joints during the peak of swelling at 6 dpi revealed that Rsad2 -/-mice exhibited more pronounced subcutaneous edema and cellular infiltration ( Figure 8E ). Immunohistochemistry (IHC) staining of the infected joint with mouse macrophage-specific F4/80 antibody showed an increase infiltration of macrophages into the surrounding connective tissues in Rsad2 -/-compared with WT mice ( Figure 8E ). Collectively, these findings confirmed the critical role of viperin in controlling CHIKV replication and modulating CHIKV-induced inflammation during infection.
Discussion
The complexity of IFN-mediated signaling, coupled with its regulation of more than 300 ISGs (48, 49) , underscored the challenge of revealing how the innate immune response reacts to infection by a pathogen in order to control its pathogenesis. Despite extensive documentation about the induction of type I IFNs during CHIKV infection (22) (23) (24) 34) , only recently have the mechanisms of type I IFN control of CHIKV replication begun to be unraveled (24, 25, 35, 41, 50) . However, the identities of ISGs that directly control and inhibit CHIKV replication still remain elusive. Recently, a comprehensive overexpression screen of more than 380 ISGs conducted against a panel of viruses, including CHIKV, revealed the involvement of several ISGs in controlling virus replication (26, 51) .
In our earlier studies, we showed that an innate immune response characterized by IFN-α production is induced in CHIKV-infected patients (18, 19, 22) . In the present study, we showed in PBMCs of CHIKV-infected patients that both IFNA and IFNB were highly induced during the acute phase of the disease and that their expression correlated positively with induction of various ISGs, signifying the activation of an anti-CHIKV state. Among the ISGs analyzed, IRF7, RSAD2, ISG15, ISG54, ISG56, RIG-I, and PKR exhibited expression profiles similar to those of both IFNA and IFNB, which indicates that these ISGs are involved in the innate immune response against CHIKV. ISG15 was also recently shown to play a role in controlling CHIKV infection in mice (35) . Notably, our data revealed that CHIKV viral load dictated the induction of IFNA, IFNB, IRF7, and RSAD2 during the acute phase. We previously reported that patients in this cohort with higher viral load during the acute phase did not have persistent arthralgia (18) . These findings suggest that viperin plays a protective role in limiting CHIKV replication as part of the innate immune response. We also showed previously that CHIKV infection in monocytes triggered an active innate immune response (22) . Here, we demonstrated that viperin was highly induced in monocytes, the major PBMC subset targeted by CHIKV during the acute phase of infection.
Viperin has been shown to inhibit replication of different viruses via different mechanisms (42) . Previously, it was demonstrated to bind and inhibit farnesyl diphosphate synthase to perturb regulation of the lipid raft on the plasma membrane, thereby inhibiting virus budding and release in influenza A virus (31) and HIV (52) infection. The radical SAM domain of viperin was also shown to be crucial for HCV replication (28) . However, even though viperin was recently implicated in controlling CHIKV infection (26) , the underlying molecular mechanisms involved remain unclear. We showed here that the N-terminal amphipathic α-helical domain of viperin was critical in suppressing CHIKV replication, whereas mutations that abolished the catalytic activity of the radical SAM domain of viperin (i.e., C 83 A/C 87 A/C 90 A) reduced inhibition of CHIKV replication. Although the SAM mutant contains the N-terminal amphipathic α-helical domain, it did not inhibit CHIKV replication significantly. A recent study demonstrated that the C 83 A/C 87 A/C 90 A mutations at the SAM domain resulted in a loss of conformational stability, inducing partial unfolding and aggregation of viperin that affected antiviral activity (53) . This may explain the loss of CHIKV inhibition by the SAM mutant observed in our study. Nevertheless, we demonstrated that expression of the N-terminal amphipathic α-helical domain of viperin, a mere 42-amino acid fragment, was sufficient to inhibit CHIKV infection. This strongly indicates that the N-terminal amphipathic α-helical domain, which mediates targeting and localization of viperin to the ER and lipid droplets (43, 44) , is essential for anti-CHIKV action.
Given the function of ER as a crucial cell organelle that regulates the biosynthesis of proteins, lipids, and carbohydrates (54), it is not surprising that ER is targeted as one of the key host organelles by CHIKV to support its replication. This is because CHIKV and other RNA viruses are dependent on the host cell machinery to initiate translation of nonstructural proteins following the release of their coding mRNA after infection (55) . Immunofluorescence staining revealed that CHIKV and viperin distinctly colocalized with ER during infection, which further suggests that viperin exerts its control on CHIKV infection in the ER. However, contrary to other infections, such as with human cytomegalovirus (27) , viperin was not redistributed after CHIKV infection, indicative of a different mode of antiviral action. Furthermore, replication complexes of alphaviruses have been reported to localize in the proximity of the ER in order to drive synthesis and replication of viral genomes, leading to consequential translation of the viral structural proteins at the ER required for packaging and formation of new virus progeny (56, 57) . In addition, we demonstrated that CHIKV nsP2, a RNA helicase/protease mediating replication, colocalized around the periphery of the ER during CHIKV infection.
CHIKV nsP2 interacts with multiple host proteins to induce cellular shutoff and promote viral replication (58) . We showed here that overexpression of viperin was strongly associated with reduced CHIKV nsP2 expression levels, but it is still unclear whether the inhibitory effect of viperin on CHIKV nsP2 is direct or indirect. Interestingly, CHIKV nsP2 has previously been demonstrated to counteract the inhibitory effects on type I IFN (21) , which further illuminates the continuous tug-of-war evolution of host/pathogen interactions.
Although it is well established that production of viral dsRNA intermediates triggers type I IFN induction during virus replication, it could also lead to an apparent opposing event via activation of PKR to phosphorylate translation initiation factor 2α (EIF2A) and inhibit translation of most host cellular and viral mRNA (1, 59) . This intricate interplay between the innate host response and virus infection was also demonstrated to involve GADD34, a subunit of protein phosphatase 1 (PP1) induced in response to CHIKV and ER stress to control virus infection Furthermore, targeting the N-terminal amphipathic α-helical domain of viperin alone to the ER was demonstrated to be sufficient for inhibition of protein secretion, possibly due to the disrupted ER structure and integrity (43) . However, whether the antiviral function of viperin against CHIKV is mediated in a (60, 61) . Thus, it is plausible that targeting of the N-terminal amphipathic α-helical domain of viperin to ER could represent a mechanism to control CHIKV, as viperin mutants lacking the ER-targeting N-terminal amphipathic α-helical domain displayed a compromised ability to inhibit CHIKV infection.
Figure 8
Viperin modulates CHIKV replication and disease pathology in mice. (A) WT and Rsad2 -/-mice (n = 4-6 per group) were infected with 10 6 PFU CHIKV in the footpad. Viral RNA was isolated from the footpads a 1 dpi and quantified by qRT-PCR against the negative-strand nsP1 RNA. *P < 0.05, Mann-Whitney U test. (B) qRT-PCR was used to determine the expression of the indicated genes in infected footpads of mice. Data (mean ± SD) were normalized to GAPDH and shown as fold expression relative to WT. *P < 0.05, Mann-Whitney U test. (C) WT and Rsad2 -/-mice (n = 6 per group) were infected with 10 6 PFU CHIKV in the footpad. Blood was collected daily at 0-14 dpi for quantification of viral load as described in A (mean ± SD). *P < 0.05, **P < 0.01, Mann-Whitney U test. (D) Quantification of joint swelling in WT and Rsad2 -/-mice. Size of infected joint was measured daily for 14 days and expressed as disease score relative to day 0 (preinfection). Data (mean ± SD) are representative of 2 independent experiments. *P < 0.05, **P < 0.01, Mann-Whitney U test. (E) Histology of CHIKV-induced inflammation in footpads of WT and Rsad2 -/-mice was analyzed by H&E staining and IHC staining with anti-F4/80 antibody at 6 dpi. Boxed regions are shown at higher magnification at right. Scale bars: 100 μm.
Methods
Patients. 24 patients that were admitted with acute CHIKF to the Communicable Disease Centre at Tan Tock Seng Hospital (CDC/TTSH) during the outbreak from August 1 to September 23, 2008 (14, 15) , were included in this study. PBMC samples were isolated at 4 different time points: (a) acute phase (median 4 days post illness onset), (b) early convalescent phase (median 10 days post illness onset), (c) late convalescent phase (4-6 weeks post illness onset), and (d) chronic phase (2-3 months post illness onset). Patients were classified into HVL (n = 11) and LVL (n = 13) groups based on their viral load, as described previously (18) . In addition, PBMC samples were isolated from 10 healthy volunteers and used as a control. Specimens were stored at -80°C until use.
Viruses and antibodies. CHIKV isolate SGP 011 was isolated from the outbreak in Singapore and propagated in Vero-E6 cells as described previously (22) . Virus titer was estimated by standard plaque assays using Vero-E6 cells as described previously (22) . A CHIKV variant expressing mCherry fluorescent protein was constructed using a full-length infectious cDNA clone of CHIKV LR2006-OPY1 isolate as described previously (62) . The infectious cDNA was subsequently cloned into a modified pMA vector (Geneart) with a SP6 promoter 5′ upstream of CHIKV cDNA. Sequencing was conducted to ensure that no mutations were introduced. A mCherry insert was introduced at 5′ to the structural genes of infectious cDNA clone followed by duplication of a second subgenomic promoter as described previously (63) . Viruses were rescued from infectious cDNA clones as described previously (62) before being propagated and titrated similar manner in order to hamper release of new virions and spread of infection will require further exploration to address the molecular mechanisms involved.
We further demonstrated the direct role of viperin in controlling CHIKV replication in primary fibroblasts isolated from Rsad2 -/-mice. Loss of viperin expression resulted in a significant increase in CHIKV infectivity and viral load compared with fibroblasts isolated from WT mice. More importantly, the significant increase of viral load detected during the early phase of infection in the footpad of Rsad2 -/-mice further confirmed the critical role for viperin in limiting CHIKV replication in vivo. Loss of viperin expression in Rsad2 -/-mice also significantly increased disease susceptibility and pathology, as reflected by increased viremia and CHIKV-induced joint inflammation. Taking these observations together, we propose a model by which viperin may control CHIKV replication following the activation of the innate immune response after infection ( Figure  9 ). This model further defines another role for viperin as a multifunctional protein with antiviral activities against CHIKV. It will be important to assess the association between RSAD2 polymorphisms (and other ISGs) and disease-induced arthritis intensity in genomewide association studies of patient cohorts. Due to the resurgence of CHIKV and other reemerging viruses, the identification of new antiviral strategies of viperin has regained importance, as each virus has a different antidote. Such baseline data would become integral for future development of novel immune-based control strategies.
Figure 9
Proposed model for viperin as an anti-CHIKV ISG during the acute phase of infection. Upon infection of target cells, the presence of CHIKV RNA in the cytoplasm can be detected by pathogen receptors such as RIG-I and MDA5 to trigger the innate immune response. Consequentially, this leads to the activation of signaling pathways that regulate IRF3 and IRF7 to induce type I IFN expression. Secretion of type I IFNs to their receptors then induces the JAK/STAT pathway for the regulation of a positive feedback loop for type I IFN production via IRF7. In parallel, induction of type I IFN signaling leads to the expression of various ISGs regulated by ISGF3 to control CHIKV infection. Viperin is induced and targeted to the ER via the N-terminal amphipathic α-helical domain. This triggers an ER stress response that activates PKR to interfere with the synthesis of viral proteins essential for CHIKV replication. Synthesis of CHIKV nsP2, a helicase/protease, acts to contravene the type I IFN-mediated JAK/STAT signaling pathway. However, viperin induction could circumvent CHIKV nsP2 and control CHIKV replication, emphasizing its role as a multifunctional protein.
